Gas-particle equilibrium partitioning is a fundamental concept used to describe the growth and loss of secondary organic aerosol (SOA). However, recent literature has suggested that gas-particle partitioning may be kinetically limited, preventing 10 volatilization from the aerosol phase as a result of the physical state of the aerosol (e.g. glassy, viscous). Experimental measurements of diffusion constants within viscous aerosol are limited and do not represent the complex chemical composition observed in SOA (i.e. multicomponent mixtures). Motivated by the need to address fundamental questions regarding the effect of the physical state and chemical composition of a particle on gas-particle partitioning, we present the design and operation of a newly built 0.3 m 3 continuous flow reactor (CFR) which can be used as a tool to gain considerable insights into the 15 composition and physical state of SOA. The CFR was used to generate SOA mass from the photo-oxidation of α-pinene, limonene, β-caryophyllene and toluene under different experimental conditions (i.e. relative humidity, VOC and VOC/NOx ratios). Up to 10 2 mg of SOA mass was collected per experiment, allowing the use of highly accurate compositional and single particle analysis techniques which are not usually accessible, due to the large quantity of organic aerosol mass required for analysis. A suite of offline analytical techniques was used to determine the chemical composition and physical state of the 20 generated SOA, including: attenuated total reflectance infra-red spectroscopy, CHNS elemental analyser, 1 H and 1 H-13 C nuclear magnetic resonance spectroscopy (NMR), ultra-performance liquid chromatography ultra-high resolution mass spectrometry (UHRMS), high performance liquid chromatography ion-trap mass spectrometry (HPLC-ITMS) and an electrodynamic balance (EDB). The oxygen-to-carbon (O/C) and hydrogen-to-carbon (H/C) ratios of generated SOA samples (determined using a CHNS elemental analyser) displayed very good agreement with literature values and were consistent with 25 the characteristic Van Krevelen diagram trajectory, with an observed slope of -0.41. The elemental composition of two SOA samples formed in separate replicate experiments displayed excellent reproducibility, with the O/C and H/C ratios of the SOA samples observed to be within error of the analytical instrumentation (instrument accuracy ± 0.15 % to a reference standard).
Technologies, Norfolk, UK). The makeup flow has two functions, to rapidly transport the VOC precursor into the CFR and to balance the total outflows of the reactor. All other introduction lines except for the fast fill (not used during an experiment), require a set flow rate for a desired mixing ratio. The makeup flow effects overall dilution but does not require a set flow rate, allowing the flow to be increased or decreased as desired, to counter balance the outflows of the reactor. The remaining two lines connected to the main feed of dry hydrocarbon scrubbed air are the humidity (iv) and fast fill (v) lines. The humidity and 5 fast fill lines are connected to two separate reactor inlets (second and third inlet, see Figure 1 ). The humidity line controls the amount of water vapour introduced into the reactor and is comprised of ¼" PFA tubing with a pressure regulator, mass flow controller and a 1000 ml water bubbler (pyrex glass bottle with an in-house built screw top water bubbler attachment). The humidity line requires a slightly higher line pressure than the VOC lines due to the backpressure created by flowing through the water bubbler. The pyrex glass bottle has thicker walls than the VOC glass bulbs, allowing a slightly higher line pressure 10 to be used. The pressure in the humidity line is controlled to below ~ 10 psi; the lowest possible pressure to achieve the required flow rate. A maximum flow rate of ~ 12 l/min was used in the humidity line and was controlled using a 0.1 to 20 l/min mass flow controller (Alicat, Premier Control Technologies, Norfolk, UK). Relative humidity in the reactor can be controlled by changing the ratio of humidity line flow rate/total reactor flow rate (linear relationship). The maximum relative humidity which could be achieved in the reactor was ~ 60%. The fast fill line is used to rapidly fill the reactor with dry hydrocarbon scrubbed 15 air. The fast fill line pressure and flow rate are unregulated (i.e. output of compressed air generator), allowing the reactor to be rapidly filled when required. The pressure and flow rate of the fast fill line can be loosely controlled using the ¼" two-way tap. The final introduction line which is not connected to the main feed of dry hydrocarbon scrubbed air and subsequently not discussed above, is the nitric oxide line (see Figure 1) . A standard of nitric oxide (5 or 60 ppm in N2, BOC, UK) can be introduced into the CFR through the fourth reactor inlet using a 0.02 to 2 l/min mass flow controller (Alicat, Premier Control 20 Technologies, Norfolk, UK). The nitric oxide cylinder is easily interchangeable, allowing other oxidants or scavengers to be introduced into the reactor if required.
Outlet System
Gaseous and particulate phase measurements can be obtained via any of the three reactor outlets. A variety of instruments can be coupled to the CFR and easily interchanged. The limiting factor of coupling multiple instruments to the CFR is the total 25 reactor outflow. The higher the total reactor outflow, the more difficult it becomes to balance the reactor volume. At 30 l/min, the reactor volume is replaced every 10 minutes. Mass flow controllers considerably reduce the difficulty in balancing the reactor volume when installed on the in and out flows of the reactor. However, over several hours of operation, the reactor volume can increase or decrease due to the permeability of the PVF sampling bag and the error in the accuracy of numerous mass flow controllers. Quick changes can be made to reactor volume by shutting off all the in or out flows to the reactor for ~ 30 1 to 2 minutes, decreasing or increasing the reactor volume, respectively. Atmos. Meas. Tech. Discuss., https://doi.org/10.5194/amt-2019-22 Manuscript under review for journal Atmos. Meas. Tech. Several instruments have been successfully coupled to the CFR. These include: a selected ion flow tube mass spectrometer (SIFT-MS, SYFT Technologies, New Zealand) for the measurement of VOC mixing ratios and gaseous oxidation products, an electrical low pressure impactor (ELPI, model ELPI+, Dekati, Finland) for SOA collection and real-time particle mass, number and diameter measurements, and a NOx (model 42i) and O3 (model 49i, Thermo Scientific, Warrington, UK) analyser for the measurement of NOx and O3 mixing ratios, respectively. The measurements from some of these instruments are 5 discussed below.
Experimental design and CFR operation
The CFR was designed to generate larger quantities of SOA mass than achieved in most studies for offline chemical composition and single particle analysis. Single particle measurement techniques, such as the electrodynamic balance and aerosol optical tweezers, can provide information on the morphology, hygroscopicity and phase behaviour of SOA with 10 unprecedented accuracy (see Kreiger et. al. (2012) for further information). These techniques allow the effect of environmental changes on the microphysical state of the SOA to be investigated in controlled laboratory conditions, allowing the fundamental processes governing gas-particle partitioning to be better understood. These techniques, however, require considerable quantities of SOA mass for ease of transfer to particle generators (>20 mg of SOA per experiment). To achieve this quantity of SOA mass, high mixing ratios (i.e. ppmv) of a VOC precursor and oxidant/s must be continuously introduced into a reactor 15 over several hours of operation. The CFR is ideally suited for this application in comparison to larger and well-established atmospheric simulation chambers, due to the ability to quickly and easily clean the reactor lines and replace the sampling bag at minimal cost (~ £400).
A series of experiments were performed in the CFR to investigate the composition and physical state of the SOA formed from 20 the photo-oxidation of α-pinene (purity 98%, Sigma Aldrich, Dorset, UK), limonene (99%) β-caryophyllene (98.5%) and toluene (99.9%) under different experimental conditions. These VOCs were selected as they include biogenic and anthropogenic emissions and well-studied VOC systems, such as α-pinene. The experimental descriptions and reactor operating conditions can be found in Table 1 . The experiments were designed to systematically characterise the effect of individual and combined experimental conditions on the composition and physical state of the SOA formed. The experiments 25 investigated the effect of: (i) relative humidity, (ii) VOC/NOx ratios, (iii) combined effect of relative humidity and VOC/NOx ratios, and (iv) VOC mixing ratios (α-pinene experiments only). Reactants were continuously introduced into the CFR and the air sampled for real-time measurements and SOA collection. α-pinene, limonene and toluene were introduced into the reactor at room temperature (temperature controlled laboratory, ~ 21 °C). β-caryophyllene was heated to 90 °C in the VOC bulb using an electrothermal heater. The high mixing ratios (ppmv levels) used in this study could not be measured using the or NOx analyser due to the risk of instrument/detector saturation. Instead, separate experiments were performed to measure α-pinene and NO at lower mixing ratios, allowing an estimated/measured mixing ratio correction to be calculated. This correction ratio was then applied to all estimated VOC and NO mixing ratios, respectively. VOC mixing ratios were estimated from the measured mixing ratios (based on α-pinene). A small source of NOx (primarily NO2, less than ~ 20 ppbv) was present in all experiments from the dry hydrocarbon scrubbed air and also potentially from the photolysis of HONO present on the chamber walls (Carter et al., 1981 (Carter et al., , 1982 Sakamaki et al., 1983) . A 5 ppm standard of NO in N2 (BOC, UK) was used in low α-pinene 5 mixing ratio experiments (exp. 7 and 14, see Table 1 ). In all other NOx experiments, a 60 ppm standard of NO in N2 (BOC, UK) was used. An insufficient amount of SOA mass was generated from the photo-oxidation of toluene using the described CFR setup and operation. Several changes were made to increase SOA formation. These include, (i) changing the UV light source to a longer Hg pen-ray (product code = 90-0004-01, UVP, California, USA) and only investigating SOA formation at 55 % relative humidity to increase ˙OH radical formation and (ii) combining the SOA mass formed in two replicate experiments 10 for each experimental condition investigated (see Table 1 ).
Each time a new VOC precursor was investigated, a new sampling bag was installed and the reactor lines and components were cleaned. The sampling bag was thoroughly cleaned before use by introducing humidified hydrocarbon scrubbed air (~ 50 % relative humidity) into the reactor under UV irradiation for ~ 2 days. Upon completion, the reactor was flushed with dry 15 hydrocarbon scrubbed air before performing a chamber background experiment (see Table 1 ). SOA mass and number concentrations in the chamber background experiments ranged from 21 to 369 µg m -3 and 1.5 to 4.7 × 10 6 particles/cm 3 , respectively. At the start of each experiment, the reactor was filled to volume with dry hydrocarbon scrubbed air using the fast fill line. The reactor was then flushed with humidified hydrocarbon scrubbed air for approximately 1 ½ hours before setting the flow rates of the desired experimental relative humidity and (where applicable) nitric oxide mixing ratios. Water vapour 20 and nitric oxide were continuously introduced into the reactor for ~ 30 minutes before introducing the VOC precursor. After ~ 25 minutes of continuous VOC introduction, the UV light was switched on. Gaseous reactants were mixed in the CFR through flow and diffusion only. High flow rates (~ 12 lpm -1 ) were used in all of the experiments to accelerate mixing. Steadystate mixing ratios were achieved in the CFR after ~ 50 minutes of continuous introduction of nitric oxide and ~ 25 minutes for the VOC precursor (based on α-pinene). The reactor was cleaned at the end of each experiment by introducing humidified 25 hydrocarbon scrubbed air (~ 50% relative humidity) into the reactor with the UV lamp on. The ozone generated from UV irradiation was left inside the reactor overnight, flushing with humidified hydrocarbon scrubbed air the next morning.
Reactor temperature, relative humidity and particle diameter, number and mass measurements were recorded every second in real-time from the start to the end of each experiment. Background particle diameter, number and mass measurements were 30 obtained during the continuous infusion of the water vapour and (where applicable) nitric oxide. SOA was collected using both an ELPI and onto pre-conditioned 47 mm quartz fibre filters. The reactor was used as a tool to generate large quantities of SOA mass. Subsequently, no corrections have been made for gaseous or particulate phase wall losses in this work. The ELPI was used in all the experiments shown in Table 1 . The use of the SIFT-MS, NOx and O3 analysers depended on their availability Atmos. Meas. Tech. Discuss., https://doi.org/10.5194/amt-2019- with other projects, although were primarily used in the α-pinene experiments. The calibration of these instruments is discussed in the SI. Quartz fibre filters were pre-conditioned in a furnace at 550°C for 5 hours to remove any volatiles before use. The ELPI collects particles with a size range of 0.006 to 10 µm onto size specific foil lined impactor plates. The SOA collected from the ELPI in each experiment, was transferred from all the foil lined impactor plates (non-size specific) into two clean glass vials and weighed. One vial was kept at the University of York for compositional analysis and the second vial shipped 5 in dry ice (-80 °C) to the University of Bristol for single particle measurements. The impactor foils were replaced and the impactor cleaned with methanol and water prior to each experiment. All SOA samples were wrapped in foil to minimise photolysis degradation and stored in a freezer at -20°C until analysis.
SOA Chemical Characterisation
SOA samples were analysed using an extensive range of single particle and compositional techniques including: an 10 electrodynamic balance, ultra-performance liquid chromatography ultra-high resolution mass spectrometry (UPLC-UHRMS), 1 H and 1 H -13 C nuclear magnetic resonance spectroscopy (NMR), attenuated total reflectance Fourier transform infra-red spectroscopy (ATR-FTIR) and a CHNS elemental analyser. In addition to the above techniques, high performance liquid chromatography ion trap mass spectrometry with a semi-preparative column and an automated fraction collector was used to generate SOA standards to quantify individual components in α-pinene SOA. The SOA mass collected from the ELPI was 15 used for all of the above techniques, except for ATR-FTIR spectroscopy, where the SOA collected onto quartz fibre filters were used. The ELPI collects SOA onto foil lined impactor plates, minimising potential artefacts often associated with the collection of SOA onto porous substrates (e.g. filters), thereby eliminating time consuming extraction processes. The ATR attachment on the FTIR spectrometer however, allows SOA filters to be directly analysed without requiring extraction.
Subsequently, SOA filters were used for this technique. The sample preparation methods, instruments and their operating 20 parameters are discussed below.
Generating SOA standards
Individual compounds in the SOA were isolated and collected using semipreparative high performance liquid chromatography ion-trap mass spectrometer (HPLC-ITMS) coupled to an automated fraction collector (FC 203B, Gilson, Dunstable, UK); an extension of the work performed by Finessi et al. (2014) . An Agilent 1100 series HPLC (Berkshire, UK) and Bruker Daltonics 25 HTC Plus ITMS (Bremen, Germany) were used. The semipreparative column was a reverse phase Ascentis 150 cm × 10 mm, with a 5 µm particle size (Sigma Aldrich, Dorset, UK). The HPLC solvents consisted of water (LC-MS grade, optima, Fisher Scientific, UK) with 0.1 % (v/v) formic acid (Sigma Aldrich, UK) (A) and methanol (B) (LC-MS grade, optima, Fisher Scientific, UK). Gradient elution was used, starting at 87% (A), decreasing to 27% (A) at 92 minutes, re-equilibrating to 87% (A) at 97 minutes. A 5 minute pre-run consisting of the starting mobile phase conditions was performed prior to each injection. 30
The flow rate was set to 3.5 ml/min with an injection volume of 100 µL. The eluent post column was split via a tee piece and two lengths of peek tubing to the ITMS and the automated fraction collector. The use of a narrower internal diameter peek tubing to the ITMS resulted in a split ratio of 1:8 ITMS:fraction collector. Electrospray ionisation (ESI) was used with a nebuliser pressure of 70 psi, dry gas flow rate of 12 l/min and a dry gas temperature of 365 °C. The ITMS was operated in negative and positive ionisation mode with a scan range of m/z 50 -600. Collision induced dissociation (CID) was used with a fragmentation amplitude of 2 V. The data was analysed using ESI Compass 1.3 for HTC/esquire version 4. The fraction collector was pre-programed with the retention times of the target compounds and collected into 10 ml glass vials. The 5 collected fractions were evaporated to dryness using a solvent evaporator (model V10, Biotage, Hertford, UK) and resuspended in 500 µl deuterium oxide with 0.05% (w/w) of 3-(trimethylsilyl)propionic-2,2,3,3-d4 acid (TSP) (Sigma Aldrich, UK). Finally, the collected fractions were transferred into 5 mm tubes (Wilmad, Sigma Aldrich, UK) for NMR analysis.
NMR spectroscopy
The collected fractions and SOA samples were analysed using one-dimensional 1 H and two-dimensional 1 H-13 C heteronuclear 10 single quantum correlation (HSQC) NMR spectroscopy. A 700 MHz Bruker Daltonics Avance Neo NMR spectrometer equipped with a prodigy triple resonance cryoprobe was used. The operating temperature was set to 21°C. The 1 H-NMR spectra were acquired at 700 MHz, with a pulse sequence of 45° and a relaxation delay of 4 seconds. The number of scans was set to 640, resulting in a total runtime of 1 hour and 8 minutes. The 1 H-13 C-NMR HSQC Bruker Daltonics pulse program used was hsqcetgpsi2 with a time domain data size of 256 and 1024 for channels F1 and F2, respectively. The number of scans was set 15 to 20, resulting in a total runtime of 1 hour and 40 minutes. The 1 H NMR spectra were analysed using TopSpin version 3.5
(Bruker Daltonics, Bremen, Germany). All spectra were baseline corrected and a spectral line broadening of 0.3 Hz was used.
The concentration of the collected fractions was determined using the peak integrals of the internal standard (i.e. TSP) and the methyl group observed in the collected fractions from 1 H-NMR spectroscopy (see Finessi et al. (2014) and Bharti and Roy (2012) for further information). The compound structure of the collected fractions was determined using a combination of 20 techniques, including 1 H and 1 H-13 C-HSQC NMR spectroscopy and the fragmentation patterns obtained from CID using the HPLC-ITMS and higher-energy collisional dissociation (HCD) using the UPLC-UHRMS. The 1 H-13 C HSQC spectra were analysed using Spectrus Processor (ACD labs, Bracknell, UK) which contains an in-built carbon-hydrogen coupling prediction tool. This prediction tool provides estimated chemical shifts of carbon-hydrogen bonds in drawn chemical structures. Chemical structures of known and structurally similar photo-oxidation products of toluene and β-caryophyllene were drawn in the 25
Spectrus Processor software to aid in the interpretation of the spectra discussed in section 3.2.2.
Ultra-high resolution mass spectrometry
A proportion of the ELPI SOA mass collected from each experiment was transferred into a clean vial and dissolved in 50:50 methanol:water (optima, LC-MS grade, Fisher Scientific, UK). The α-pinene standards and SOA samples were analysed using ultra-performance liquid chromatography with a UV/Vis detector (Dionex 3000, Thermo Scientific, Warrington, UK) coupled 30 to an ultra-high resolution mass spectrometer (QExactive Orbitrap, Thermo Scientific, Warrington, UK). An Accucore reverse phase C18 column 100 mm × 2.1 mm with a 2.6 µm particle size was used for compound separation (Thermo Scientific, Warrington, UK). The mobile phase consisted of water with 0.1% (v/v) formic acid (A) and methanol (B) (optima LC-MS grade, Fisher Scientific, UK). Gradient elution was used, holding at 10% (A) for 1 minute after injection, decreasing to 90% (A) at 26 minutes, followed by re-equilibration to 10% (A) at 28 minutes. A 2 minute pre-run of the starting mobile phase conditions was performed prior to each injection. The flow rate was set to 0.3 ml/min with a 2 µl injection volume. The column temperature was controlled at 40°C and the samples were kept at 4°C in the autosampler tray during analysis. The UV/Vis 5 wavelength ranged from 190 to 800 nm with a data collection rate of 5 Hz per second. Heated electrospray ionisation (HESI) was used, with the following parameters; sheath gas flow rate of 70 (arb.), aux gas flow rate of 3 (arb.) capillary temperature of 320°C and an aux gas heater temperature of 320°C. Spectra were acquired in negative and positive ionisation mode with a scan range of m/z 85 to 750. Higher-energy collisional dissociation (HCD) was used with a stepped fragmentation amplitude of 65 and 115 (normalised collision energy, NCE). The number of most abundant precursors selected for fragmentation per 10 scan was set to 10, with a 3 second dynamic exclusion and an apex trigger of 2 to 4 seconds. Two authentic standards, cispinonic acid (purity 98%, Sigma Aldrich, UK) and pinic acid (Santa Cruz Biotechnology, Netherlands) were used for α-pinene SOA quantification. Chromatographic integration was performed using the software package Freestyle version 1.1 (Thermo Scientific, Warrington, UK). SOA samples were also analysed using the software package Compound Discoverer version 2.1 (Thermo Scientific, Warrington, UK) which was used to extract all chromatographic peaks with a signal-to-noise ratio greater 15 than 3 from the spectra, identify the molecular formulae and perform a mass spectral library search using m/z Cloud (https://www.mzcloud.org/). Molecular formulae were calculated using the following restrictions: unlimited C, H and O atoms were allowed with a maximum of 5 N atoms. In positive ionisation mode, up to 3 Na and 2 K atoms were also allowed.
Compounds with assigned molecular formulae outside of the following tolerances were excluded from the data set: oxygento-carbon ratio (O/C) 0.05 to 2, hydrogen-to-carbon (H/C) ratio 0.7 to 2 (following the lower limits provided in Bateman et al. 20 (2009) ), double bond equivalent (DBE) < 20, molecular formulae accuracy < 3 ppm. Chromatographic peaks identified in the solvent or procedural blanks and the SOA sample/s were removed from the data set.
ATR-FTIR spectroscopy
SOA filter samples were analysed using Fourier transform infrared spectroscopy with a diamond attenuated total reflectance attachment (ATR-FTIR, ALPHA, Bruker Daltonics, Bremen, Germany). The scan range was set to 500 -4000 cm -1 with a 25 spectral resolution of 4 cm -1 . Spectra were acquired in absorbance with 40 scans per sample. A pre-conditioned blank filter was used as the background measurement correcting for any instrument drift during analysis (c.f. (Coury and Dillner, 2009)).
The background measurement was subtracted from the sample spectra. The crystal was cleaned with isopropanol prior to the analysis of each sample or background measurement. Three replicate measurements were obtained for each sample. Spectral analysis was performed using essential FTIR software (eFTIR, Madison, USA). Spectra were ATR corrected using the 30 automated function in eFTIR software package. The use of quartz fibre filters will result in two silicon dioxide absorption peaks at wavenumbers ~ 1060 and 804 cm -1 . This region of spectra provided no additional compositional information when comparing the SOA obtained from the ELPI with the quartz fibre filter. 
CHNS elemental analysis
The elemental composition of the SOA was determined using a carbon, hydrogen, nitrogen and sulfur (CHNS) elemental analyser (model CE-440, Exeter Analytical, Coventry, UK). SOA samples were weighed using a Sartorius SE2 analytical balance (Surrey, UK). The reported elemental composition consists of an average of two replicate measurements. The remaining proportion of the SOA mass which did not contain elements C, H, N or S, has been attributed to O. 5
Single particle analysis
The confinement of single aerosol particles within optical, electrodynamic or acoustic traps, or on surfaces, allows detailed information on their chemical-physical properties and dynamics to be obtained in isolated and controlled laboratory conditions (Krieger et al., 2012) . In this work, a concentric cylindrical electrodynamic balance (CC-EDB) was used to trap single SOA particles to obtain information on some of the evolving chemical-physical properties of single SOA particles, such as their 10 volatility distribution, possible kinetic limitations to evaporative loss of volatile species, hygroscopic and optical properties, phase state and occurrence of liquid-liquid phase separation (Marsh et al., 2017) . All this information coupled, with the thorough chemical characterisation of the SOA samples described in the previous sections, represents a unique set of experimental observations that will allow a deeper understanding of the complexity behind the dynamics of SOA in the atmosphere. 15
To prepare the SOA samples from CFR experiments for the analysis in a CC-EDB, the collected aerosol mass was extracted in a 50:50 water:ethanol mixture (SOA mass fraction of ~ 0.02). The extracts were stored at -20 °C in a freezer to minimise any evaporative losses. Single charged droplets were generated from the extract solutions using a micro dispenser (Microfab MJ-ABP-01, initial radius of ~ 18-25 µm) and trapped within ~ 100 ms from generation in the EDB electrodynamic field, up 20 to timescales of days. Once trapped, an individual droplet sits within a nitrogen flow with controlled temperature and RH (gas flow velocity of 3 cm s -1 , RH range of 0-95 %, T range of 257-313 K). Single particles are also illuminated with light from a 532 nm wavelength laser and the scattered light, centred on an angle of 45°, is collected by means of a CCD camera. The angularly resolved scattering pattern can be used to estimate the evolving size of the droplet by applying the geometric optics approximation (Glantschnig and Chen, 1981), or on both size and refractive index by fitting the generated phase functions with 25
Mie Theory simulations (using procedure reported by Cotterell et al. (2015) ). The experimental setup and operation in this work has been extensively described in previous publications (Davies et al., 2012; Rovelli et al., 2016) and we refer to these for a more detailed description. 
Results

Preliminary SOA characterisation
In total, 38 experiments were performed in the CFR to generate SOA mass from the photo-oxidation of α-pinene, limonene, β-caryophyllene and toluene for offline chemical composition and single particle analysis. The experiments investigated the effect of: (i) relative humidity, (ii) VOC/NOx ratios, (iii) combined effect of relative humidity and VOC/NOx ratios, and (iv) 5 VOC mixing ratios (α-pinene experiments only). The reactor conditions, reactant mixing ratios and the amount of SOA mass collected in each experiment is shown in Table 1 . The reactor temperature remained stable throughout all experiments with an average of 24.1 ± 1.0 °C. The average experimental duration was 5 hours and 45 minutes. The total amount of SOA mass collected in each experiment (i.e. sum of ELPI + filter) ranged from 42 to 322 mg, excluding the low α-pinene mixing ratio (range = 5 to 7 mg) and chamber background experiments (see Table 1 , which plateaued ~ 10 minutes into the experiment at 1.3 ± 0.24 × 10 7 . Following particle nucleation, SOA mass gradually increased plateauing ~ 50 minutes into the experiment at 43.6 ± 1.0 mg m -3
. The total amount of SOA mass collected in this experiment was 161 mg over 6 hours and 29 minutes.
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Visual and physical differences were observed in the SOA samples generated from the experiments shown in Table 1 . The SOA mass formed from the photo-oxidation of β-caryophyllene and toluene under replicate experimental conditions (exp. 31
and 36, respectively) are shown in Figure 3 . Both experiments investigated SOA formation at 55 % relative humidity with a VOC/NOx of 13. From Figure 3 , it can be observed that the SOA samples display considerable visual differences. The SOA formed from the photo-oxidation of toluene is yellow/brown in colour displaying strong light absorbing properties in the visible 25 spectrum. Conversely, the SOA formed from the photo-oxidation of β-caryophyllene is translucent, suggesting the SOA has negligible visible light absorbing properties. The SOA mass with the strongest light absorbing properties was formed under the lowest VOC/NOx ratios (highest NOx mixing ratios), as observed in Figure S1 and previous studies (Liu et al., 2016; Nakayama et al., 2010; Xie et al., 2017) . The viscosity of the SOA samples also appeared to decrease with increasing relative humidity, an observation which is commonly reported in the literature (Bateman et al., 2015; Kidd et al., 2014; Koop et al., 30 2011; Mikhailov et al., 2009; Montgomery et al., 2015; Reid et al., 2018; Rothfuss and Petters, 2017a . α-pinene (C10H16), limonene (C10H16) and toluene (C7H8) all contain considerably fewer carbon and hydrogen atoms in their molecular formula. β-caryophyllene was thus the largest chemical structure investigated, accounting for the high intensity aliphatic peak observed. Organic nitrate functionalities are formed in the presence of NO via the reaction RO2 + NO 10 (e.g. (Kroll and Seinfeld, 2008) ). All the SOA samples shown in Figure 4 were formed in presence of NO and contained nitrate functionalities. Moreover, the aromatic nitro functionality (formed in the presence of NO2) was only observed in the SOA generated from the photo-oxidation of toluene (an aromatic VOC).
CFR capabilities
Typical chamber experiments generate < 100 µg of SOA mass per experiment (e.g. (Nozière et al., 2015; Xie et al., 2017) ). 15
The design and operation of the CFR allowed considerable quantities of SOA mass to be collected per experiment (> 10 2 mg).
This considerable quantity of SOA mass allowed us to use compositional and single particle techniques which could not have otherwise been used (techniques requiring ~ 1 to 50 mg of SOA mass per analysis). Here, we take advantage of the opportunity provided by the CFR to compare some of the critical chemical and physical properties of SOA from different precursors, previously not possible. The following discussion is limited to the characterisation and capabilities of the CFR. A separate 20 publication will discuss the composition and chemical-physical properties findings of this work.
Elemental composition
The elemental composition of the SOA samples was determined using a CHNS elemental analyser. CHNS analysis offers high accuracy and precision but is rarely used within aerosol science due to the large amount of organic aerosol mass required per analysis (1 -5 mg). Elemental composition is usually determined using aerosol mass spectrometry (AMS) or electrospray 25 ionisation ultra-high resolution mass spectrometry (Liu et. al 2018; Tasoglou and Pandis 2015; Tuet et. al 2017; Zhao et. al 2015; Kroll et. al 2011 and references therein) . Whilst both mass spectrometric techniques are invaluable within aerosol science, both methods suffer from inaccuracies, either through the use of a selective ionisation source (i.e. ESI) or assumptive corrections in AMS data processing (Canagaratna et al., 2015) . The H/C and O/C ratios and the average carbon oxidation state The elemental composition of two SOA samples formed under replicate conditions (exp. 22 and 23, see Table 1 ) displayed excellent agreement, with the O/C and H/C ratios observed to be within error of the analytical instrumentation (instrument accuracy ± 0.15% for a reference standard as quoted by the manufacturer (EAI, 2018) ).
A Van Krevelen diagram showing the H/C vs. O/C ratios of the SOA samples generated in this study with a comparison to 5 literature values, is shown in Figure 5 . The high VOC mixing ratios used in this study will result in higher volatility oxidation products partitioning into the particulate phase than observed at lower (ambient) mixing ratios, likely affecting the observed chemical composition (Donahue et al., 2006; Pankow, 1994a, b) . However, from Figure 5 it can be observed that the H/C and O/C ratios of the SOA samples display very good agreement with the literature values, suggesting that for the experimental conditions investigated, the bulk elemental composition is largely unaffected by the use of high VOC mixing ratios. Laboratory 10 and ambient OA has been found to follow a general trajectory in the Van Krevelen diagram (Chen et al., 2015; Heald et al., 2010; Ng et al., 2011a ). An approximate -1 slope was first proposed by Heald et. al (2010) and was later re-evaluated to an approximate slope of -0. 5 (Chen et al., 2015; Ng et al., 2011b) . The SOA samples generated in this study were consistent with the characteristic Van Krevelen diagram trajectory, with a slope of -0.41 observed for all SOA precursors investigated.
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The ability to use a highly accurate CHNS elemental analyser to determine the elemental composition of the SOA samples, allowed us to evaluate the accuracy of SOA elemental compositions obtained using UHRMS. The O/C and H/C ratios were calculated from the UHRMS using the assigned molecular formulae in each SOA sample. The total number of compounds (sum of positive and negative ionisation mode) identified in each SOA sample ranged from 100 to 910, see Table S1 . Peak area weighted O/C and H/C ratios were calculated using the equation shown in Bateman et al. (2009) , substituting peak 20 intensity for peak area. In all of the experiments performed, the O/C ratios obtained for each SOA sample using UHRMS were lower than the O/C ratios obtained from the CHNS analyser (the non-selective and more accurate technique), see Figure S2 .
The SOA ∆O/C ratios varied for each SOA precursor, with an average ∆O/C of 0.08 ± 0.01, 0.13 ± 0.01, 0.06 ± 0.03 and 0.36 ± 0.08 for α-pinene, limonene, β-caryophyllene and toluene SOA, respectively. For toluene SOA, this means that the average O/C ratio would have been under reported by 45 % if obtained from UHRMS (using the data processing methods described, 25 see section 2.3.3) rather than the CHNS elemental analyser. A linear relationship (R 2 = 0.9222) was observed for the O/C ratios obtained from UHRMS vs. CHNS elemental analyser for the β-caryophyllene SOA samples, suggesting with further work, a possible correction factor could be applied to UHRMS generated SOA O/C ratios to correct for the inaccuracy in the use of a selective ionisation source. Further work is required to investigate the accuracy of SOA O/C ratios obtained from UHRMS, including the effect of different SOA precursors, introduction techniques (i.e. liquid chromatography or direct infusion) and 30 data processing methods. This investigation demonstrates the capabilities and use of the CFR, allowing sufficient quantities of SOA mass to be generated in order to evaluate the accuracy of existing techniques. Here we show, as an example, how the large quantity of SOA mass collected from the CFR can be used to gain greater compositional insights into SOA using two-dimensional NMR spectroscopy.
The SOA samples were analysed using 1 H and two-dimensional 1 H-13 C heteronuclear single-quantum correlation (HSQC) NMR spectroscopy. HSQC detects the carbon-hydrogen couplings of each bond in a molecular substructure, providing the 20 proton and carbon shifts for both atoms. The 1 H and 1 H-13 C HSQC NMR spectra of β-caryophyllene and toluene SOA formed at 55 % relative humidity and VOC/NOx ratio of 3 (exp. 31 and 36 Table 1 , respectively) are shown in Figure 6 . The 1 H NMR spectral regions as defined in Decesari et. al (2000) and (2001) NMR spectra of toluene SOA displays an abundance of protons bonded to an adjacent aliphatic carbon-carbon double bond (δ 1 H 1.9 to 3.2 ppm) and (dissimilar to β-caryophyllene SOA) oxygenated saturated aliphatic carbon atoms (δ 1 H 3.4 to 4.1 ppm), suggesting the sample contains ring opened species and is highly oxidised (CHNS data, O/C ratio = 0.84). In contrast to the 1 H NMR spectrum of β-caryophyllene SOA, toluene SOA displays protons bonded to an aromatic carbon atom (ring 30 retaining species) and an unresolved low intensity peak for protons bonded to aliphatic methyl, methylene and/or methyne groups (δ 1 H 0.7 to 1.9 ppm). The 1 H-13 C HSQC NMR spectra displays considerably more compositional information than observed in the 1 H NMR spectra (see Figure 6) . The spectral regions shown in the 1 H-13 C HSQC spectra have been adapted from Chen et. al (2016) using a structural carbon-hydrogen coupling predictive tool for known and structurally similar β-caryophyllene and toluene oxidation products (see Section 2.3.2 for further information). The abundant aliphatic protons (δ 1 H 0.7 to 3.2 ppm) observed in the 1 H NMR spectra of β-caryophyllene SOA ( Figure 6A ), displays over 40 carbon-hydrogen coupling signals in the HSQC spectra 5 ( Figure 6B ). The compositional benefits of 1 H-13 C HSQC analysis can be observed in region I of Figure 6A and B. respectively. It is imperative to note that predictive carbon-hydrogen coupling tools should only be used as a guide and 20 authentic standards (where possible) should be used to confirm predicted carbon-hydrogen coupling shifts. Nevertheless, the above discussion demonstrates the additional compositional information which can be obtained using two-dimensional NMR spectroscopy. Few studies have used two-dimensional NMR spectroscopy for the compositional analysis of bulk OA. This technique in combination with the use of a spectral library, has the capability to aid in the interpretation of detailed chemical speciation and provide new insights into the bulk chemical composition of SOA. 25
Generating SOA standards
ESI-UHRMS is capable of providing molecular and structural speciation of individual compounds in complex mixtures and is therefore widely used within aerosol science to determine the detailed chemical speciation of OA (Laskin et al., 2012; Nizkorodov et al., 2011; Pratt and Prather, 2012) . The lack of commercially available standards however, often results in the use of surrogate standards (i.e. structurally/compositionally similar species) for quantification. The use of surrogate standards 30
can have a considerable effect on the reported concentrations when using a selective ionisation source, such as ESI. The Several experiments, in addition to those shown in Table 1 , were performed to generate additional SOA mass from the photooxidation of α-pinene. This additional SOA mass was used to generate standards to quantify components in the SOA mass 5 formed in the α-pinene experiments. A similar methodology has previously been used in our group, generating standards from SOA mass formed in a micro-reactor (see Finessi et al. (2014) ). In total, 17 compounds were targeted in the generated SOA mass. HPLC-ITMS coupled to an automated fraction collector was used to isolate and collect the targeted compounds based on their retention times. The molecular identification of each standard was determined using a combination of the molecular information and fragmentation patterns provided by the UPLC-UHRMS 2 and the proton chemical shifts obtained from 1 H 10 NMR spectroscopy.
1 H NMR spectroscopy was used to determine the amount of mass collected for each targeted compound via the integration of the peak integrals of a known proton peak (e.g. a methyl group) and the internal standard (i.e. TSP). Once the concentration of each fraction had been determined, the standard was used for quantification. Major α-pinene oxidation products often contain two characteristic methyl groups attached to a cyclic ring (e.g. pinonic acid, pinonaldhyde, pinic acid, 10-hydroxypinonic acid, among others). The characteristic cyclic methyl groups can easily be identified in the 1 H NMR 15 spectrum (Finessi et al., 2014) . Several of the targeted compounds contained the two characteristic cyclic methyl groups, allowing the concentration of the standard to be determined (via the integration of the methyl protons) even if the entire chemical structure was unclear. Of the 17 targeted compounds, 10 were deemed suitable for use as standards. The other 7 compounds were excluded from further analysis due to an insufficient amount of collected mass and/or complex spectrum, where the cyclic methyl groups could not be identified preventing the concentration of the standard from being determined. 20
The molecular formulae, retention times and collection times of the 10 standards are shown in Table S2. A comparison of the chromatographic peaks obtained for both the generated and authentic standard of pinic acid at a concentration of 1 ppm is shown in Figure S3 . From Figure S3 , it can be observed that both chromatographic peaks display relatively good agreement, with similar peak shapes and ion intensities observed (10 % difference in peak area). In addition to 25 the 10 targeted compounds, 4 α-pinene standards which were generated in Finessi et al. (2014) and 2 commercially available compounds (i.e. pinic acid and cis-pinonic acid) were used to identify and quantify components in the α-pinene SOA samples using UPLC-UHRMS. An identification was confirmed if a compound in the SOA sample displayed the same molecular formula (< 2 ppm error), retention time (± 30 seconds) and fragmentation patterns as the standard. Calibrations were performed for all of the compounds shown in Table S2 , with the exception of compound 5, where the authentic pinic acid standard was 30 used instead. Calibrations ranged from 0.001 to 15 ppm with a minimum of 4 concentrations and 3 replicate measurements per concentration. The total amount of SOA mass quantified in each experiment is shown in Figure 7 . The standards represented up to 35.8 ± 1.6 % of the total α-pinene SOA mass. The error represents the propagated uncertainty in the slope of each calibration graph used for quantification. The quantified α-pinene SOA mass varied considerably depending on the experimental conditions. The average amount of α-pinene SOA mass quantified in the no NOx and NOx experiments was 6.9 and 33.2 %, respectively. The targeted standards were selected in α-pinene SOA formed under NOx conditions, likely accounting for the larger amount of SOA mass quantified in the NOx experiments. Molecular speciation techniques typically quantify < 25 % of OA mass (Hallquist et al., 2009; Nozière et al., 2015) . Using the techniques described, considerable improvements can be made in the total amount of SOA mass quantified. 5
Chemical and physical properties of SOA single particles
SOA can exist in highly viscous semi-solid and solid states, depending on chemical composition and the conditions of the surrounding gas phase (T and RH); the phase state of SOA particles affects the diffusion rates of molecules within the aerosol phase, affecting physicochemical processes such as the partitioning of organic species between the condensed and gas phases, heterogeneous chemical reactions and ice nucleation (Reid et al., 2018) . As indicated by Shrivastava et al. (2017) , there is the 10 need of a systematic investigation of the viscosity of SOA and its effects on the physicochemical properties of SOA particles as a function of T and RH and for SOA formed from different precursors at variable NOx and RH conditions. The CFR experiments presented in this work, coupled with the thorough information on the SOA chemical composition (sections 3.2.1-3.2.3) and the single particle experiments described below, represent a unique opportunity for such a systematic investigation.
15
As an example of the capabilities of the single particle EDB approach to elucidate the physiochemical properties of the SOA samples, we report in Figure 8 a comparison of the volatility of β-caryophyllene (exp. 28, see Table 1 ) and toluene SOA (exp. 35) formed in the CFR at 55% RH with no NOx. Once a diluted SOA droplet is initially trapped (typical initial SOA extract mass fraction of ~ 0.02), a steep decrease in size is observed with both water and ethanol evaporating to reach equilibrium with the gas phase composition (timescale of less than 10 seconds at 293 K). No ethanol is present in the gas phase and 20 therefore, it evaporates completely from the droplet; by contrast, the water content in the condensed phase equilibrates such that the water activity in solution is equal to that of the gas phase. After this rapid evaporation phase, the radius of SOA trapped single droplets is generally observed to decrease slowly over time, with the semi-volatile organic components within the droplets partitioning to the gas phase together with the solvating water. In Figure 8 , the loss of these organic components (and solvating water) is represented as a volume fraction remaining (VFR) compared to the "initial" droplet volume once the initial 25 loss and equilibration of water content has occurred, identified as the point where the rapid water/ethanol evaporation is concluded (typical initial reference radius of ~ 5-8 µm). To report the VFR values in Figure 8 , the measured radii were separated into bins, each corresponding to a log10 (time) = 0.1 interval and then averaged. Figure 8A compares VFR data for two β-caryophyllene SOA particles evaporating into high RH and dry conditions. In both 30 cases, the VFR decreases with time indicating a mass loss from the particle, due to the volatilisation of organic species, and the two curves present a similar trend. The activity of the organic species at 0 % RH is expected to be higher than at 85 % RH, as a consequence of the absence of condensed phase water and a higher concentration of the organic components. Although a Atmos. Meas. Tech. Discuss., https://doi.org/10.5194/amt-2019-22 Manuscript under review for journal Atmos. Meas. Tech. faster evaporation rate would be expected under dry conditions compared to wet conditions. As a result, the two timedependencies in the VFR datasets in Figure 8A show a very similar trend. This can be likely explained by a kinetic limitation on the diffusion of the organic components within the β-caryophyllene SOA particle at 0 % RH due to high viscosity. Indeed, Li et al. (2015) measured a transition of β-caryophyllene SOA particles from liquid to non-liquid at a RH above 90 % from particle bounce experiments, supporting the hypothesis that a high viscosity is restricting the rate of volatilisation from the β-5 caryophyllene SOA particle at low RH. The secondary x-axis in Figure 8 . This calculation provides an estimate of the lifetime of each of the indicated C * bins in the case of no kinetic limitations to the evaporation of the organic molecules.
For example, organic molecules in the 10 2 µg m -3 are expected to have a lifetime in the condensed phase < 1000 s and at the 10 end of the experimental timescale (~ 10 5 s), only molecules with C * lower than 10 -1 µg m -3 are still present in the evaporating droplet.
When compared to β-caryophyllene SOA, toluene SOA particles present a very different VFR profile ( Figure 8B ): significant evaporation of the trapped particle is observed at high RH, but the evaporative loss of semi-volatiles appears completely 15 inhibited at 0 % RH after ~10 2 s, with the particle size achieving a constant value. Similarly, but more markedly when compared to the β-caryophyllene SOA case, this complete inhibition of the volatilisation of organic components from the condensed phase is caused by the high viscosity of the toluene SOA particle at 0% RH. Song et al. (2016) inferred a lower limit of viscosity for toluene SOA below 17 % RH of ~ 5·10 8 Pa s; the observation of strong kinetic limitation to evaporation shown in Figure 8B is consistent with such high viscosity. The difference in VFR after 10 5 s between particles held at wet and dry 20 conditions is significant (~ 0.35) and it is a clear indication that the size of toluene SOA particles strongly depends on their phase state (liquid vs. semi-solid). In a future paper, we will provide a comprehensive analysis of all volatilisation measurements, reporting the volatility and viscosity distribution that characterise the various SOA samples in this work by using the KM-GAP model (Yli-Juuti et al., 2017) to analyse the experimental data.
CFR limitations 25
A comparison of the bulk chemical functionalities observed in two SOA samples formed from the photo-oxidation of α-pinene, with a VOC mixing ratio of 18.5 ppmv (exp. 10) and 2.1 ppmv (exp. 14) are shown in Figure S4 . The bulk SOA chemical functionalities were determined using ATR-FTIR spectroscopy. Both experiments were performed at 55 % relative humidity with a VOC/NOx ratio of 3. The peak heights of the individual chemical functionalities were normalised to the total peak height of all speciated chemical functionalities in each SOA sample, allowing a direct comparison between samples. It is worth noting 30 that a second low α-pinene mixing ratio experiment was performed (exp. 7, see Table 1 ). However, this SOA sample displayed poor spectral absorption in all three replicate measurements, the reason for which is unclear. Subsequently, this sample has been excluded from the following discussion. From Figure S4 , it can be observed that the aromatic nitro, nitrate and aliphatic Atmos. Meas. Tech. Discuss., https://doi.org/10.5194/amt-2019-22 Manuscript under review for journal Atmos. Meas. Tech. functionalities in both SOA samples display relatively good agreement. However, alcohol and carbonyl functionalities display some disagreement. The SOA formed from the low α-pinene mixing ratio experiment (2.1 ppmv) contained increased alcohol functionality (~ 12%) and decreased carbonyl functionality (~ 11%), in comparison to the SOA formed from the high α-pinene mixing ratio experiment (18.5 ppmv). This discrepancy is likely due to the partitioning of higher volatility species into the particulate phase with the use of higher VOC mixing ratios (Donahue et al., 2006; Pankow, 1994a, b) , effecting the observed 5 chemical functionality. The bulk elemental composition however, did not appear to be largely affected by the use of high VOC mixing ratios (see section 3.2.1). Nevertheless, future studies using lower mixing ratios and extended sampling times could be used to overcome this.
Conclusion
This study describes the design and operation of a newly built 0.3 m 3 CFR which can be used as a tool to gain greater insights 10 into the composition and physical state of SOA. The CFR was used to generate SOA mass from the photo-oxidation of α-pinene, limonene, β-caryophyllene and toluene under different experimental conditions. The design and operation of the CFR allowed > 10 2 mg of SOA mass to be collected per experiment. The considerable quantities of SOA mass collected in each experiment, allowed the use of highly accurate compositional and single particle analysis techniques which are not usually accessible, due to the large amount of OA mass required for analysis. Four techniques were presented (as examples) to 15 demonstrate the additional compositional and physical state information which can be obtained using the methods outlined in this manuscript. The four techniques included, (i) the use of a highly accurate CHNS elemental analyser to determine the elemental composition of the generated SOA samples and the ability to evaluate the accuracy of reported elemental compositions using a commonly used technique (UHRMS), (ii) the additional compositional information which can be obtained using two-dimensional NMR spectroscopy, (iii) the generation of SOA standards, overcoming the analytical 20 challenges associated with the lack of commercially available standards and (iv) the first use of an electrodynamic balance to assess the influence of the temperature and phase state of the SOA on the volatilisation kinetics of semi-volatile components from a sample particle. High VOC mixing ratios (ppmv levels) were used in this study to generate sufficient quantities of SOA mass for offline analysis. The investigation of two replicate experiments using different α-pinene mixing ratios (18.5 and 2.1 ppmv) did display a slight discrepancy (~ 11% difference) in bulk SOA alcohol and carbonyl functionalities, possibly a result 25 of the high VOC mixing ratios used. However, aliphatic, nitrate and aromatic nitro functionalities all displayed relatively good agreement. It is important to note, that the objective of this study was not to mimic atmospheric conditions, but to provide a tool which allowed the use of highly accurate techniques to gain greater insights into the chemical and physical properties of SOA. Nevertheless, the elemental composition of the generated SOA displayed very good agreement with literature values, suggesting for the experimental conditions investigated, the bulk elemental composition is largely unaffected by the use of 30 high VOC mixing ratios. The SOA generated from two replicate experiments displayed excellent agreement, with measured O/C and H/C ratios within error of the analytical instrumentation. Using the methods described, we were able to quantify up to 36 % of α-pinene SOA which is a considerable improvement from most previous studies. The CFR costs ~ £8000 to build including the reactor housing. A considerable proportion of this cost is attributed to use of several mass flow controllers at ~ £6500. The mass flow controllers can be substituted for cheaper alternatives (e.g. ball-flow meters) which will significantly reduce the cost. However, due to the reduced accuracy in the flow rates of these alternatives methods, the CFR will need to be operated at low flow rates (less than ~ 4 Lpm -1 ) and the reactor volume closely monitored. The CFR is incredibly versatile. 5
Multiple instruments can be connected to the reactor and easily interchanged. Different oxidants and/or scavengers can be introduced into the reactor and mixed VOC experiments can be performed (i.e. introduction of two VOCs). The CFR can also be designed to be more sophisticated with a simple addition of a software program (using DAQ factory, or similar) for the automated control of the mass flow controllers. This work demonstrates how the unconventional use of a newly built CFR can used to gain considerable insights into the chemical and physical properties of SOA, providing a greater understanding of the 10 relationship between SOA formation conditions, chemical composition and physicochemical properties.
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